An important bio-indicator of actual plant health status, the foliar content of chlorophyll a and b (Cab), can be estimated using imaging spectroscopy. For forest canopies, however, the relationship between the spectral response and leaf chemistry is confounded by factors such as background (e.g. understory), canopy structure, and the presence of non-photosynthetic vegetation (NPV, e.g. woody elements)-particularly the appreciable amounts of standing and fallen dead wood found in older forests. We present a sensitivity analysis for the estimation of chlorophyll content in woody coniferous canopies using radiative transfer modeling, and use the modeled top-of-canopy reflectance data to analyze the contribution of woody elements, leaf area index (LAI), and crown cover (CC) to the retrieval of foliar Cab content. The radiative transfer model used comprises two linked submodels: one at leaf level (PROSPECT) and one at canopy level (FLIGHT). This generated bidirectional reflectance data according to the band settings of the Compact High Resolution Imaging Spectrometer (CHRIS) from which chlorophyll indices were calculated. Most of the chlorophyll indices outperformed single wavelengths in predicting Cab content at canopy level, with best results obtained by the Maccioni index ([R 780 − R 710 ] / [R 780 − R 680 ]). We demonstrate the performance of this index with respect to structural information on three distinct coniferous forest types (young, early mature and old-growth stands). The modeling results suggest that the spectral variation due to variation in canopy chlorophyll content is best captured for stands with medium dense canopies. However, the strength of the up-scaled Cab signal weakens with increasing crown NPV scattering elements, especially when crown cover exceeds 30%. LAI exerts the least perturbations. We conclude that the spectral influence of woody elements is an important variable that should be considered in radiative transfer approaches when retrieving foliar pigment estimates in heterogeneous stands, particularly if the stands are partly defoliated or long-lived.
Introduction
The foliar content of the main photosynthetic pigments chlorophyll a and b (Cab) is widely regarded as a bio-indicator of the plant's actual health status, such as its stress condition (Lichtenthaler et al., 1996; Zarco-Tejada et al., 2002; Gitelson et al., 2003; Sampson et al., 2003) , and of vegetation gross primary productivity (Gitelson et al., 2006) . Various leaf and canopy experiments have indicated that imaging spectroscopy is a powerful method for assessing variation in the chlorophyll content of leaves (e.g. Zarco-Tejada et al., 2000; Ustin et al., 2004; Kokaly et al., 2009) . However, when the observational scale moves from leaf to canopy level, the relationship between reflected solar radiation and leaf chemistry tends to weaken (e.g. Trotter et al., 2002; Nichol et al., 2002; Ustin et al., 2009) . The scattering and absorption properties caused by the foliar chemistry are then confounded by background reflectance and other dominating scatterers such as the foliage configuration and distribution of woody elements (e.g. Asner, 1998; Blackburn & Steele, 1999) . Pigment indices that have originally been designed at leaf level ) are particularly likely to suffer from these additional heterogeneity factors (Barton & North, 2001; Suárez et al., 2008; Verrelst et al., 2008) .
At canopy level, a common approach for dealing with sub-pixel heterogeneity is to decompose a pixel into fractions of green photosynthetic vegetation (PV), non-photosynthetic vegetation and litter (NPV), and bare soil (Roberts et al., 1993) . PV is characterized by strong absorbance peaks in the blue and red regions of the spectrum, predominantly due to the presence of Cab, while NPV is characterized by a gradual reflectance increase in the visible region of the spectrum. Although decomposition techniques (e.g. spectral unmixing) facilitate the study of ecosystem dynamics (e.g. Asner et al., 2003; Harris et al., 2003) , they do not fully elucidate the complexity of the interaction of scattering elements with solar radiant energy.
An alternative approach is to estimate the foliar chemistry from optical remote sensing data by using inverted radiative transfer (RT) models. Canopy RT models describe the transfer and interaction of solar radiation inside the canopy on the basis of physical laws and thus provide a cause-effect relationship between scattering elements, their biochemical constituents, structure, and top-of-canopy (TOC) reflectance. Various studies have investigated the interaction of solar radiation with canopy biochemical variables through the use of coupled radiative transfer models (Demarez & Gastellu-Etchegorry, 2000; Zarco-Tejada et al., 2001; Zhang et al., 2008; Jacquemoud et al., 2009) . These and other studies recognized that improved parameter retrieval from remote sensing data require appropriate strategies for modeling the surface bidirectional reflectance distribution function (BRDF) that take into account canopy structure (crown shape, forest stand density, canopy heterogeneity), and background (e.g. Dawson et al., 1999; Sandmeier & Deering, 1999; Rautiainen et al., 2004; Schaepman, 2007) . Though much work has been done on radiative transfer modeling, the relative importance of woody elements (NPV) in deriving canopy chlorophyll content has not been adequately evaluated. Only recently has the influence of the 3D structure of trunks and branches on the reflectance in a young coniferous canopy been explicitly modeled and tested (Malenovsky et al., 2008) . But that study was done on a young production forest (b30 years old), and in such forests the woody elements are only part of the living standing trees and are concentrated in the lower part of the canopy. In contrast, old-growth forests contain many woody components in the form of lying and standing deadwood (coarse woody debris: CWD) which is distributed within the canopy layer and on the forest floor, and can account for 18-40% of the total woody biomass (Siitonen, 2001) . Not surprisingly, therefore, in these older forests, woody elements play a significant role in determining canopy reflectance (Asner, 1998) , as they represent an important photon absorbing and scattering component. At the sub-pixel scale, forest aging processes will lead to more NPV scattering at the expense of PV scattering. As well as changing its canopy composition, an aging forest also becomes structurally more heterogeneous vertically and horizontally (Franklin et al., 2002) , so therefore structural attributes will be important drivers of the canopy spectral response (Nilson & Peterson 1994; Song & Woodcock, 2002) .
Quantitative, physical-based RT modeling of 3D canopy architecture reveals the cause-effect relationship between the biochemical composition of the canopy and satellite observations. Old-growth forests present a challenge for the RT modeler, because those ecosystems have the most heterogeneous mix of green foliage and woody elements. A recent comprehensive overview of RT approaches used to model various stand ages over time indicates that only a few RT-based studies have investigated old-growth forests, e.g. by studying the spectral trajectory of forest succession (Song & Woodcock, 2002; Song et al., 2007) . Song and colleagues input canopy structural variables and leaf optical properties into a geometric-optical RT model and simulated the canopy spectral changes related to forest succession. Nevertheless, the model had difficulty accommodating the structural changes related to the materials comprising the canopy, such as the accumulation of woody elements during succession. Given that foliage elements and woody elements vary vertically and horizontally over time, we decided to investigate the influence of these structural changes on canopy reflectance in detail.
Monte Carlo (MC) ray-tracing models are very flexible and are capable of obtaining accurate canopy representations, yet they have the drawback of requiring a long processing time for simulation (Myneni et al., 1989; Widlowski et al., 2007 ). An appealing advantage of such models is that the interaction between radiation and the vegetation canopy is tracked almost on a photon-by-photon basis, making this kind of RT very realistic (c.f., Disney et al., 2000) . For this reason, we opted to use the MC ray-tracing model FLIGHT (Forest LIGHT interaction model) (North, 1996) to simulate the influence of the structural dynamics occurring during forest development on TOC reflectance. This paper reports on the influence of canopy compositional and structural effects when inferring chlorophyll content from modeled reflectance data. We created a reflectance data set for varying forest properties by coupling FLIGHT with a leaf level RT model (PROSPECT) (Jacquemoud & Baret, 1990) . Our hypothesis was that knowledge of the trends in simulated spectral reflectance and derived vegetation indices for estimating chlorophyll content over a wide range of simulated stands with near-realistic canopy structural configurations will improve our understanding of leaf to canopy scaling. The objectives of the study were therefore twofold: 1) to evaluate the general performance of single wavelengths and chlorophyll-sensitive indices in predicting foliar chlorophyll content given woody and heterogeneous forest canopies, and 2) to evaluate in more detail the stand-specific influence of NPV and structural variables on the estimation of chlorophyll content by using the best-performing index.
Methodology

Canopy radiative transfer model
As noted above, to study the perturbing effects of woody elements (NPV) on the estimation of Cab content we coupled a leaf RT model (PROSPECT) with a 3D canopy model (FLIGHT), hereafter called PROFLIGHT. PROSPECT idealizes the leaf as a stack of elementary plates composed of absorbing and diffusing constituents. The version of the model we used (Jacquemoud et al., 2000) is parameterized by chlorophyll content, dry matter content, leaf water content, and effective number of leaf layers. PROSPECT has been widely used in broadleaves for numerical inversion to estimate chlorophyll content. However, it has also been re-calibrated and used to simulate the optical properties of coniferous needles (e.g. Zarco-Tejada et al., 2004; Malenovský et al., 2006) .
FLIGHT computes the TOC bidirectional reflectance factor (BRF) (Schaepman-Strub et al., 2006) by explicitly representing complex canopy structures, including crown overlapping and multiple scattering of solar radiant fluxes within the scene (North, 1996; Gerard and North, 1997) . It traces the individual photons from their solar radiation source, through all relevant collisions, until the ray either is absorbed or exits the canopy. As photons enter a crown, they are scattered in accordance with probability density functions. Tree crowns are idealized by volumetric primitives of defined shapes with associated shadowing effects. Crown positions are estimated from a statistical distribution. In the individual crown envelopes, the foliage is approximated by statistical foliage properties using the optical properties of both leaf (PV) and woody elements (NPV). The NPV scattering elements are treated as opaque foliage elements, thus they scatter or absorb incident radiation only. PV scattering elements additionally transmit incident radiation. The lower bound of the canopy is a soil medium with an anisotropic scattering behavior (Hapke, 1981) . The horizontal exchange of rays with neighboring areas is accounted for by cyclic boundary conditions, i.e. rays exiting laterally from the bounding box are rebound from the opposite plane at the same trajectory angle, to extend scattering to an infinitely extended forest. Subsequently, each generated scene canopy BRF is the result of a unique stand configuration, solar illumination direction (θ s , ϕ s ), surface reflection direction (θ r , ϕ r ), and spectral wavelength.
Model parameterization
The models used were parameterized with field data from an oldgrowth coniferous forest in the Swiss National Park, Switzerland (10°13′48″E/46°39′45″N) . This is one of the few areas in Western Europe not to have been influenced by humans during most of the 20th century: its forest has not been managed since the park was established in 1914. Since then, the forest has undergone a long process of change in stand structure and stand development.
The forest, characterized by its old (165-200 years) pine stands (P. montana and P. cembra), is classified as a woodland association of Erico-Pinetum mugo (Zoller, 1995) . Because of the high altitude (1900 m asl) and cold Alpine climate, decomposition proceeds slowly and therefore substantial quantities of large CWD can remain in the forest for many years. The forest floor is covered by CWD, Ericaceae and Sesleria shrub species. The overstory canopy is characterized by open and discontinuous stands, resulting in a relatively low crown cover (CC between 50 and 80%), a low leaf area index (LAI between 1.5 and 4.5) , and a large proportion of woody elements (e.g. trunks, branches, CWD): one study found that 3% of the aboveground standing biomass in the park is comprised of foliage (7 Mg ha − 1 ) and 97% (250 Mg ha − 1 ) of wood (Risch et al., 2003) .
Over 20% of the trees in the park are standing dead trees killed by root-rot fungi; they are usually concentrated in infected patches (Dobbertin & Brang, 2001 ). In addition to the old-growth mixed pine stand in the Swiss National Park, to illustrate the ranges and trends for chlorophyll content estimation, two other forest types differing in age and canopy structure characteristics were included in this study: a young Norway spruce (Picea abies/L./Karst.) plantation in the Czech Republic, described in Malenovsky et al. (2008) , and a beetle-infested early mature Lodgepole pine (Pinus contorta Dougl. ex. Loud var. latifolia Engl.) stand in British Columbia, Canada (e.g. described in White et al., 2005) . For a description of these stands and their indicative structural values, see Table 1 .
PROFLIGHT simulations
The detectability of variation in leaf chlorophyll content from spectral reflectance measurements depends on the species type (Belanger et al., 1995) , the needle age (in the case of evergreen conifers: Jach & Ceulemans, 2000) , the environmental stress load (Carter & Knapp, 2001) , and the irradiation conditions within the canopy (Zhang et al., 2008) . Changes in leaf chlorophyll content result in variation in leaf reflectance and transmittance spectra, which contribute to the canopy reflectance. In our approach, we simulated leaf level Cab-related spectral variation and then input the resulting spectral variation into the canopy model in order to simulate canopy-level reflectance variations. The aim was to assess the contribution of canopy variables that potentially affect the invoked reflectance variations.
The variation in optical properties (reflectance, transmittance and absorption) of needle leaves (PV) related to chlorophyll content was simulated with PROSPECT. The chlorophyll content chosen ranged from 15 to 95 µg/cm 2 in increments of 10 µg/cm 2 ; such ranges are typical both in young and in mature needle leaf forest stands (Malenovský et al., 2006) . The remaining PROSPECT variables-leaf mesophyll structure (N parameter), dry matter (C d ) and water content (C w )-were derived from field measurements taken during the Fire Spread and Mitigation (SPREAD) campaign at the same site in the Swiss National Park as described in Kötz et al. (2004) . They were subsequently aggregated to obtain values generic for the Swiss National Park study site (Table 2 ). During the above-mentioned campaign, the spectral reflectance characteristics of understory, forest floor, and woody parts were measured with an ASD field spectroradiometer. The field spectra of understory vegetation, bark of branches, and bark of trunks were averaged (35 vegetated understory spectra, 15 bark spectra) to cover the spectral properties of the NPV and background components ( Fig. 1 ) needed for the radiative transfer parameterization. The floor of an old-growth forest typically comprises a complex layer of shrubs, herbaceous species, CWD, litter, and other ecosystem elements. In our study, "background" refers to the combined understory and forest floor, and its optical properties can essentially be conceptualized as a complex of PV and NPV elements. Patches of bare soil occur very rarely within the forest.
Having introduced spectral variation at needle level, the analysis was shifted to canopy level, by inserting this spectral variation into FLIGHT. It is important to establish the relationship between confounding factors (e.g. structure, woody elements) and chlorophyll content for any given canopy structure or composition that may occur during forest aging. Key structural components that vary throughout stand development are stand LAI, canopy cover (CC), and the proportions of NPV and PV within the crown. In FLIGHT, LAI is defined as the one-sided total foliage area per unit covered scene area (North, 1996) . This LAI represents the plant area index (PAI), i.e., including woody elements. Canopy (i.e. crown) cover is defined as the area of vertically projected tree crowns per total scene area. The optical properties of leaf/woody scattering elements in FLIGHT are randomly distributed within a tree crown. Hence, the model uses a parameter that describes the proportions of crown NPV and PV scattering Table 1 Three coniferous forests at distinct development phases: description and derived structural model parameters NPV = 100 − PV. . We used stand architecture data (e.g., trunk height, tree height, trunk radius, crown radius and leaf size) from the SPREAD campaign to parameterize FLIGHT. The major characteristics are summarized in Table 2 . The simulated trees were horizontally distributed on a flat terrain according to a Poisson distribution and had crowns of irregular conical shape and cylindrical trunks. Within the individual crowns a spherical leaf angle distribution of the NPV and PV scattering elements was assumed. BRFs were simulated in 18 spectral bands corresponding to the band settings of the Compact High Resolution Imaging Spectrometer (CHRIS) sensor in Mode 3 (land). CHRIS, on board European Space Agency's experimental satellite PROBA (Project for On-board Autonomy), is capable of providing combined spectral and directional sampling of selected terrestrial targets at high spatial resolution (∼17 m) (Barnsley et al., 2004) . One of CHRIS-PROBA's targeted test sites is the Swiss National Park. In the "land" mode, CHRIS spectral bands are optimized to monitor vegetation cover. All spectral data were convolved to these spectral bands, using the CHRIS spectral bandpasses (Table 3 ). The solar zenith and azimuth angles were set to those during the Swiss National Park overpass on June 27, 2004 (θ s : 24.0°, ϕ s : 162.8°, see Verrelst et al., 2008 , for details), the view zenith angle was set at nadir (note that in principle, CHRIS-PROBA is able to observe at 5 nominal view zenith angles (0°, ±36°, ±55°)).
Sensitivity analysis
To ensure that we studied the relationships between reflectance spectra and chlorophyll content without influence from factors other than the variables of interest, the optical characteristics of the overstory canopy were simulated without the presence of an atmosphere. In addition to the canopy variables, the composition of the forest floor also affects the accuracy of chlorophyll content assessments (Zarco-Tejada et al., 2004; Zhang et al., 2008) . Therefore, a background layer was included to mimic the optical properties of the understory at the Swiss National Park test site. A total of 7938 forest scene simulations (9 Cab × 14 LAI × 7 CC × 9 NPV) with PROFLIGHT provided the spectral sampling for the subsequent analysis of the contribution of woody elements and needle Cab content to the spectral signal at stand level. Once the initialization had been done, one million rays penetrated each experimental canopy. FLIGHT calculates directional reflectance by accumulating photons in predefined solid view angles. The theoretical accuracy of canopy reflectance approximated a relative standard error of 1.9% for the settings (1 million photons, 10 zenith and 36 azimuth angles), which is considered an appropriate level of accuracy .
The idea underlying this modeling exercise is that the simulated stands might provide insights helpful for evaluating the suitability of imaging spectroscopy-based indicators for estimating chlorophyll content. The specific band configurations of CHRIS allow a number of chlorophyll-sensitive indices to be calculated, as summarized in Table 4 . Chlorophyll indices are assumed to outperform single wavelengths in predicting foliar chlorophyll content. However, their performance has not been systematically assessed in relation to woody canopies. To test which of the four studied input parameters (Cab, LAI, CC, and NPV) determines most of the variation in the forest scene simulations, we used analysis of variance (ANOVA) (Snedecor & Cochran, 1980) to decompose the total variance into terms related to the individual factors. The ANOVA partitions the sum of squares of the simulations into a sum of squares related to the overall mean, a sum of squares related to treatment effects, and a residual sum of squares. Interactions among factors were found to be not important. In the ANOVA, the ratio of the mean square of an input parameter resulting from different levels of the input factor to the residual mean square, called the F statistic, can be tested for its significance (given by the critical level). If one band (or index) yields smaller critical levels than another one, then the former one has larger power. To test whether a specific band (or index) is sensitive for Cab, the F statistic for Cab was used. To test the sensitivity for Cab relative to the other factors (LAI, CC, and NPV) an F statistic was calculated by taking the ratio of the mean square related to Cab to the mean square related to one of the other factors and then testing its significance. The best spectral band (or index) for chlorophyll content estimation is the one that has the largest F value when the variance for chlorophyll effect is tested against the residual variance including all other confounding factors pooled. In addition, we calculated the F values for testing the Cab effect against LAI, CC and NPV effects, respectively. The next step in the analysis was to study the chlorophyll effect on the best evaluated index in more detail for each combination of selected confounding canopy variables (LAI, CC, and NPV). From the set of PROFLIGHT-generated reflectance spectra, the derivative (∂y/∂x) of the relationship between Cab content (x variable) and vegetation index (y variable) was calculated over every Cab interval for every combination of confounding variables as a measure of local sensitivity (Cacuci, 2003 ). The average slope was then calculated as the derivative averaged over all intervals for a stand-specific situation:
where n Cab is the number of Cab intervals. Assuming that a steeper Cab-related slope (Δy/Δx) for a spectral band or vegetation index as measured by a space-borne optical sensor enables a more accurate detection and thus more accurate mapping of leaf chlorophyll content, then the slope (Δy/Δx) can be regarded as a stand-specific indicator of chlorophyll content detectability. For the best-performing index, confounding canopy variables (LAI, CC, and NPV) were paired up in different combinations: for each of the three possible combinations, the third variable was fixed according to the parameterization of the core test site in the Swiss National Park (Table 2) . Plotting the slopes for each of these paired combinations yielded three templates of plausible canopies that might occur during forest aging. In these conceptual templates, each grid represents a unique, structurallydependent forest type. The last step of the sensitivity analysis was to establish a link with the modeling results and structural information (LAI, CC, and NPV) derived from three distinct forest canopies.
Results
Chlorophyll-related spectral variation
Prior to analyzing the effects of the confounding canopy characteristics on the chlorophyll-related spectral response, the effects of scaling the needle optical properties to the canopy level were investigated. At needle level, PROSPECT reflectance and transmittance were simulated for a range of needle leaves with varying Cab contents. Their mean needle spectral signature and standard deviation (SD) are also displayed in Fig. 1 .
At canopy level, the solar radiant fluxes interact with the canopy foliage, the measured woody elements and the background layer. This was simulated by FLIGHT at wavelengths specific to the band settings of CHRIS. The average BRF and SD for each CHRIS band were calculated for the canopy configurations of the Swiss National Park test site (LAI: 2.5, CC: 60%, NPV: 30%) (Fig. 2 ). The SD at canopy level is much smaller than the SD at leaf level because of the background contribution, stand configuration, and the contribution of NPV.
The next step involved evaluating the sensitivity of specific CHRIS wavelengths for chlorophyll content at canopy level using the F-test. Table 5 gives an overview of the wavelengths, sorted according to the F values. The column headed Cab was used for the sorting: it presents the F value for testing the variance caused by chlorophyll content against the total variance of the confounding factors tested. A large value indicates that the confounding factors tested had a small influence on the total variation within the simulations. The column headed Cab/NPV depicts the F value for testing the variance caused by chlorophyll content against the F value caused by the NPV proportion. A large value indicates that the Cab effect is stronger than the NPV effect. Similarly, Cab/LAI and Cab/CC relate the chlorophyll variation to the variations caused by LAI and CC, respectively. It can be seen that the tested wavelength most sensitive to variation due to chlorophyll content relative to the confounding canopy variables is R 490 , followed by R 442 . The F values also show that at longer wavelengths the canopy structure variables exert more influence (smaller ratios). This is particularly noticeable for LAI. At canopy level, shorter wavelengths perform better than longer wavelengths because of the combined effects of low background and NPV reflectance (Fig. 1) plus the relatively weak influence of canopy structure variables (LAI and CC). However, the use of shorter wavelengths for assessing chlorophyll content is usually not advocated for optical remote sensing data, because of the confounding atmospheric effects (Lillesand et al., Table 4 Overview of selected vegetation indices. R denotes reflectance. The wavelengths in the formula column represent the original proposed VI wavelengths, while the wavelengths in the columns headed formula CHRIS mid represent the center of the CHRIS bands that best approached the wavelengths proposed originally. 2004). Therefore, the third best-performing wavelength, R 631 , seems to be more suitable for satellite-based Cab retrieval approaches.
Simulated chlorophyll indices at canopy level
The performance of chlorophyll indices at canopy level was evaluated similarly to the single wavelengths, using the F-test. Table 6 gives an overview of the indices, sorted according to the F values found when testing the Cab effect. Of the indices tested, SIPI (Peñuelas et al., 1995) , R 672 /R 550 ("Datt_98"; Datt, 1998) and R 700 / R 670 ("McM_94"; McMurtrey Iii et al., 1994) performed considerably worse than the single wavelengths (except for the reflectances at 742 and 748 nm where there was hardly any sensitivity to chlorophyll content). Their low sensitivity to chlorophyll content combined with a strong influence from NPV and CC reduces the applicability of the above-mentioned indices at canopy level. By contrast, all the other indices outperformed single wavelengths in maximizing sensitivity to chlorophyll content while minimizing undesired canopy effects. The [R 780 − R 710 ] / [R 780 − R 680 ] index developed by Maccioni et al. (2001) ("Macc_01") produced the best results, followed by gNDVI (Smith et al., 1995) , and R 750 /R 700 ("GM_94b"; Gitelson and Merzlyak, 1994) . The reason the Maccioni index yielded the best results is because it is very sensitive to variation in chlorophyll content but is simultaneously poorly sensitive to CC, LAI, and, to a lesser extent, NPV. The superior performance of the Maccioni index corroborates the findings of Xue and Yang (2009) . From a list of 40 chlorophyll indices, they concluded that this Maccioni index performed second best; only the normalized derivate difference ratio calibrated by le Maire et al. (2004) yielded a better relationship with leaf chlorophyll content. Overall, our results at canopy level show that, depending on the index, either CC or NPV mostly weaken the relationships with chlorophyll content. LAI influences the relationship with chlorophyll content the least.
Stand-specific relationships between Maccioni index and Cab content
Further analysis of the stand-specific relationships between Cab and the best-performing index, the Maccioni index (Fig. 3) , revealed that variation in LAI has little influence on the relationship between Cab content and Maccioni index. Fig. 3a shows that all LAI values changed at a similar rate along the Cab range (for CC: 60%, NPV: 30%). Only the relationship for an LAI of 1 indicates a somewhat less steep curve. Note that the quasi-linear relationships between the index and Cab content are due to the excellent performance of the index: the curves flattened off more at higher Cab content when they were plotted against single wavelengths (not shown here). By contrast, variation in CC has a greater influence on the relationship between the Cab content and Maccioni index ( Fig. 3b; for LAI: 2.5, NPV: 30%). The steepest curve occurs at a CC of 50%, meaning that for a relatively open crown cover, the canopy-leaving Cab-related spectral variation can be most accurately estimated from the chlorophyll index. Conversely, low CC values (e.g., b30%) cause the spectrally distinct background to suppress the canopy-leaving Cab-related spectral variation as measured by the chlorophyll index. The variation in NPV is shown in Fig. 3c (for LAI: 2.5, CC: 60%). This figure reveals that the slope declines with increasing contribution from woody elements. For instance, the angle of slope when 80% of the scattering elements consist of woody elements (and the other 20% of green foliage) is half the angle of slope for a completely green canopy (NPV of 0%), emphasizing the importance of woody elements as a perturbing factor. Overall, these modeling results suggest that two factors primarily determine the sensitivity of the Maccioni index to variation in Cab content: the composition of canopy-scattering properties of foliage and woody elements, as expressed by NPV and PV, and the contribution of a spectrally distinct background.
Detectability of chlorophyll content: three forest canopy examples
Whereas in the former section the analysis was based solely on simulated data, here the slope results (Δy/Δx) for the Maccioni index are compared with structural information (LAI, CC, and NPV) derived from three selected examples of forest canopies. These are: 1) a young Norway spruce plantation stand in the Czech Republic, 2) an oldgrowth mixed pine stand in the Swiss National Park, and 3), an early mature Lodgepole pine stand in British Columbia, Canada (Table 1) . Fig. 4a, b and c present the 2-dimensional templates of Fig. 3 by varying two confounding variables at a time instead of just one as in Fig. 3 . The same conclusions can be drawn as for Fig. 3 . Structural information derived from the three forest canopies are shown in Fig. 4a, b and c too. Interpretation of the Δy/Δx figures suggests that in terms of CC and LAI each of the three coniferous stands has nearly optimal conditions for retrieving canopy chlorophyll content. They all have a CC above 50%, which implies a Δy/Δx of at least 75% of the maximum Δy/Δx (exemplified for an NPV of 0%). The modeling results suggest that a homogeneous, dense, young spruce stand like the example from the Czech Beskydy Mountains somewhat limits the detection of the Cab-related spectral variation (Fig. 4d) . This stand has a high LAI (about 8) and CC (on average 80%) (Homolová et al., 2007) , which approaches a maximum Δy/Δx in terms of LAI, but the Cabrelated spectral variation is somewhat suppressed by the dense canopy and strong within-canopy mutual shading effects (Malenovsky et al., 2008) . The other two stands have a lower CC, which implies there is more opportunity for the Cab-related spectral variation to propagate outwards from the canopy, assuming no other factors perturb the Cab-index relationships.
Significant change in Δy/Δx occurs, however, along the crown NPV gradient. In a dense young spruce stand, the woody surface is negligible in the upper canopy, which implies that the canopy reflectance signal is modulated mainly by the variation in foliar Cab. In contrast, the old-growth forest in the Swiss National Park (Fig. 4e) represents an assembly of CWD, dead or partly defoliated trees, and trees with irregularly spaced branches with a lower LAI, where NPV cover may reach up to 40% at the CHRIS pixel resolution. The Δy/Δx figures generated suggest that a woody contribution of this magnitude at the Swiss National Park test site may suppress the canopy-leaving Cab-related spectral variation by 27% compared to a full green canopy (NPV of 0%). Note that the Swiss National Park stand is more open, which implies that in reality the understory (essentially an NPV and PV mixture) contributes to the radiant flux as well.
Finally, the stand in British Columbia (Fig. 4f) , which is infested with bark beetles, has the largest proportion of woody material. The stand shows mixtures of green trees, red-attack trees (the crowns turn red as a result of the lack of nutrients and water after pest infestation) and gray-attack trees (dead, gray tree skeletons; this occurs one year after red attack). Consequently, the spatial distribution of NPV scattering elements varies considerably. Such strong spatial variation in NPV and PV elements (Fig. 4b, c ) implies that the relationship between an index and the needle pigment contents of the remaining foliage is pixel-specific, which makes it difficult to accurately estimate chlorophyll content with a spectral index. Our modeling results suggest that for a forest stand composed of 50% NPV, an LAI of 4, and a CC of 70%, by comparison with a full green canopy (NPV of 0%), 70% of the Cab variation will remain in a CHRIS pixel (size ∼ 17 m).
Discussion
The variability of forest canopy reflectance in the visible and red edge regions of the spectrum is driven mainly by variation in foliar pigment content, and also by the presence of forest background, canopy structure, and woody elements. The importance of the latter factors increases with forest aging, particularly when the forest achieves the status of old-growth forest. The spectral response for development stages of production forests has been studied before and is reasonably well understood (e.g. Song & Woodcock, 2002; Roberts et al., 2004) . Commonly, stand age and height are inversely related to the spectral response, due to increasing canopy closure and biomass accumulation. As young trees grow taller, the amount of foliage increases and extends over the understory and soil of the forest floor. In addition, the shadows cast by trees decrease the overall reflectance signal of the forest stand Peterson, 1994, Franklin et al., 2003) . Although these earlier studies reported the spectral trajectories associated with forest growth development, they did not consider the encroachment of dead woody material and its consequences on foliage pigment retrieval. Once a forest stand reaches the old-growth state, woody elements also become part of the outer canopy, e.g., as dead tree tops and branches. Moreover, the woody elements in oldgrowth forests are not only part of living trees but are also distributed on the forest floor and in the space between living trees in the form of coarse woody debris (CWD) and also contribute to the reflectance signal.
Using spectral unmixing, Okin et al. (2001) demonstrated that the ability of imaging spectroscopy to provide a spectral vegetation signal is limited when the canopy cover is less than 30%. Our results support this finding but also suggest that above the same threshold the NPV cover (if present) starts to weaken the Cab signal appreciably. Data from the literature indicate that in coniferous canopies CC values typically range from 40% to 100%, LAI values range from 1 to above 8 (e.g., Chen et al., 2002) , and woody cover rarely exceeds 40% (e.g. Radeloff et al., 1999; Fernandes et al., 2004; Jia et al., 2006) . Given these figures, from the values shown in Fig. 4 it can be calculated that as long as the proportion of crown NPV cover stays below 40% and the CC above 40%, the up-scaled Maccioni index data preserves at least 58% of the Cab-related spectral variation by comparison with an optimal Δy/Δx (NPV of 0%, CC of 50%). Nevertheless, the contribution of background reflectance should be considered as well; its importance in the visible and red edge regions of the spectrum essentially depends on the overstory crown cover. In sparse stands (low CC or low LAI), the background reflectance of a coniferous forest may either contribute to the variation in Cab-related reflectance (if the forest floor is photosynthetically active), or act as an additional confounding factor (when the forest floor is e.g. litter, bare soil, CWD), or may be a dynamic mixture of both (common for old-growth forests).
In conclusion, our analysis confirms earlier studies (Demarez and Gastellu-Etchegorry, 2000; Zhang et al., 2008) that stated that an appropriate knowledge of background reflectance and forest structure parameters is important for the successful retrieval of leaf chlorophyll content from remote sensing imagery. Although, by comparison with single wavelengths, chlorophyll indices correct for perturbing canopy factors, our results have demonstrated that some confounding effects of canopy heterogeneity remain. Specifically, it was found that in addition to structural parameters, NPV scattering elements also play an important role in the variation of TOC reflectance and derived indices, particularly in damaged and long-lived forest stands. Several studies have already attempted to include and parameterize woody material in advanced radiative transfer modeling, for instance by measuring the wood distribution with Light Detection and Ranging (LiDAR) techniques (e.g., Koetz et al., 2007; Côté et al., 2009; Morsdorf et al., 2009) .
Finally, the proposed modeling design presents a simple theoretical sensitivity analysis for assessing the success of leaf chlorophyll pigment retrieval at canopy level from remotely sensed data at a spatial resolution suitable for the forest stand level. The advantage of using a modeling approach is the possibility of covering a wide range of scenarios while avoiding uncertainty related to measurement errors. Note that our study did not consider additional factors such as atmospheric effects, sun-viewing geometries, and sensor calibration errors, and that our findings may be biased by our choice of RT models and model input parameters. For example, we did not take account of variation in foliar chemicals other than chlorophyll content (e.g. anthocyanin and carotenoid foliar pigments) and variation in optical properties of woody parts, e.g. due to species composition or phenology. Since PROSPECT was essentially developed for broadleaves, the model may benefit from further improvement such as recalibration of the specific absorption coefficients (Malenovský et al., 2006) and refraction index (Feret et al., 2008) when used for narrow needle-shaped leaves. The LIBERTY model (Dawnson et al., 1998) designed specifically for such leaves may offer an appropriate alternative. Since in coniferous trees the woody parts and needles are hierarchically organized and highly clumped (Chen & Black, 1992) , the random spherical distribution of NPV and PV scattering elements as defined in the ray-tracing FLIGHT model also deviates from the real forest situation. Aware of all these constraints, we exploited both models to their fullest capability, and addressed the role of variables that are regarded as key confounding factors in Cab content mapping, e.g., encroachment of woody materials, background contribution, and crown-scale clumping (Nichol et al., 2002; Kane et al., 2008; ).
Conclusions and recommendation
Space-borne imaging spectrometers (e.g., CHRIS on board the PROBA spacecraft or Hyperion on board the Earth Observing-1 (EO-1) spacecraft; Pearlman et al., 2003) open up the possibility of monitoring the foliar pigment content of forest stands at scales ranging from regional (ecosystem) to global (biome) (Kokaly et al., 2009) . A key element for the successful quantitative retrieval of foliar pigments from remote sensing data is information on the extent that confounding scattering elements contribute to photon-canopy interactions. The observation that a highly clumped and partially defoliated canopy of an old-growth forest exhibits noticeable mixtures of foliage and woody parts prompted us to investigate the efficacy of estimating chlorophyll content in woody stands. The results obtained from PROFLIGHT suggest that if the crown cover is more than 30%, it should be possible to reliably estimate the variability of the chlorophyll content in a forest canopy. However, at this threshold, also crown NPV scattering elements-if present-start to weaken the Cab signal appreciably. Almost all the tested chlorophyll indices outperformed single wavelengths in minimizing undesired effects; the one that performed best at canopy scale was the Maccioni index ([R 780 − R 710 ] / [R 780 − R 680 ]), though the influence of NPV and CC remained. LAI only marginally influenced the ability of the index to assess Cab-related spectral variation. Our findings emphasize the role of woody elements when retrieving chlorophyll information from remotely sensed reflectance data of woody ecosystems. It can be concluded that ignoring the contribution of canopy woody components may lead to less accurate chlorophyll estimates. We recommend that future model refinement should focus not only on the photosynthetically active parts of the forest canopy, but also adequately take into account the woody elements as part of living and dead trees, as well as of forest understory.
